We have previously shown that dysbindin is a potent inducer of cardiomyocyte hypertrophy via activation of Rho-dependent serum-response factor (SRF) signaling. We have now performed a yeast two-hybrid screen using dysbindin as bait against a cardiac cDNA library to identify the cardiac dysbindin interactome. Among several putative binding proteins, we identified tripartite motif-containing protein 24 (TRIM24) and confirmed this interaction by co-immunoprecipitation and co-immunostaining. Another tripartite motif (TRIM) family protein, TRIM32, has been reported earlier as an E3 ubiquitin ligase for dysbindin in skeletal muscle. Consistently, we found that TRIM32 also degraded dysbindin in neonatal rat ventricular cardiomyocytes as well. Surprisingly, however, TRIM24 did not promote dysbindin decay but rather protected dysbindin against degradation by TRIM32. Correspondingly, TRIM32 attenuated the activation of SRF signaling and hypertrophy due to dysbindin, whereas TRIM24 promoted these effects in neonatal rat ventricular cardiomyocytes. This study also implies that TRIM32 is a key regulator of cell viability and apoptosis in cardiomyocytes via simultaneous activation of p53 and caspase-3/-7 and inhibition of X-linked inhibitor of apoptosis. In conclusion, we provide here a novel mechanism of post-translational regulation of dysbindin and hypertrophy via TRIM24 and TRIM32 and show the importance of TRIM32 in cardiomyocyte apoptosis in vitro.
coupled receptors, MAPK, and RhoA-SRF 5 -mediated pathways (1) (2) (3) (4) . Myozap, an intercalated disc protein, was recently found to activate RhoA-SRF signaling and hypertrophy in cardiomyocytes (5) (6) (7) . In the quest of decoding more players in this hypertrophic signaling axis, we identified dysbindin as a direct binding partner of Myozap (8) . Dysbindin has so far mostly been studied in neuroscience, focusing largely on its role in schizophrenia susceptibility and neuronal outgrowth (9 -13) . From a cardiac perspective, however, dysbindin has recently been shown to be a potent inducer of SRF signaling via a direct interaction with the small GTPase RhoA (8) . This led us to seek new cardiac binding partners of dysbindin, to potentially disclose other proteins involved in SRF signaling in cardiomyocytes, and to study their effects on dysbindin and cardiac hypertrophy.
The tripartite motif (TRIM) is a conserved RBCC (RING-Bbox coiled-coil) domain-containing protein family (14, 15) , which expanded rapidly during vertebrate evolution, now including more than 60 known members in metazoans (16) . The TRIM protein superfamily is known to consist of major E3 ubiquitin ligases, playing an important role in post-translational modifications of multiple proteins (17) . Yet, little is known about the cardiac functions of this vital protein family despite their significant expression levels in the heart. A few exceptions include TRIM63, TRIM55, and TRIM54, also known as "muscle ring finger (MuRF)" proteins (MuRF1, -2, and -3, respectively), that are specifically expressed in cardiac and skeletal muscle. These proteins modulate cardiac growth and function through ubiquitin-proteasome-dependent degradation of sarcomere proteins like myosin, troponin I, as well as hypertrophic signaling factors such as PKC, SRF, and IGF-1 (18 -24) . Moreover, mutations in the genes encoding MuRF1 and MuRF2 have been reported to cause hypertrophic cardiomyopathy by impairing protein degradation in cardiomyocytes (25) (26) (27) . Genetic mutations in TRIM32, cause limb girdle muscular dystrophy (28) and Bardet-Biedl syndrome (29) . Interestingly, Locke et al. (30) reported that TRIM32 degrades dysbindin via the ubiquitin proteasome system (UPS) in cultured myoblasts. Recently, Chen et al. (31) have shown that TRIM32 prevents pathological cardiac hypertrophy in vivo in mice. However, it is unclear whether TRIM32 affects cardiac dysbindin levels and/or molecular signaling in cardiomyocyte hypertrophy.
In this study, we focused on TRIM24, a newly identified TRIM family member as a binding partner of dysbindin in our yeast two-hybrid (Y2H) screen. TRIM24 has been studied thus far only in the context of cancer (32) (33) (34) . TRIM24 is known to be interacting with tumor protein 53 (p53), leading to its degradation by ubiquitination and hence affecting genomic stability, cell cycle arrest, and apoptosis (35) . It is also known for its function as a transcriptional intermediary factor or transcriptional activator for various genes (36, 37) , its interaction with several nuclear receptors (38) , an interaction with histone H3 (39) , as well as a marker in carcinoma and glioma progression (40, 41) . However, to the best of our knowledge, the cardiac function of TRIM24 has not yet been determined. This study is thus centered on the cardiac dysbindin-TRIM24-TRIM32 interaction, to elucidate the control of dysbindin levels and function by TRIM24/32 in cardiomyocytes.
Results

TRIM24 and TRIM32 interact with dysbindin in cardiomyocytes
We have recently demonstrated that dysbindin is a potent inducer of RhoA-SRF-mediated cardiac hypertrophy (8) . In search of new cardiac-specific binding partners of dysbindin, yeast two-hybrid (Y2H) screening was performed, with dysbindin as bait and human cardiac cDNA library as prey. This screening revealed TRIM24, a tripartite motif-containing family E3 ubiquitin ligase, as one of the potential interaction partners of dysbindin along with several others (Table 1 ). TRIM32, another TRIM E3 ligase, has earlier been reported to interact with dysbindin in skeletal muscle cells through its coiled-coil domain (30) . Thus, we first determined the potential interaction of these two TRIM family member proteins with dysbindin by co-immunoprecipitation (co-IP) in HEK293A cells. We successfully pulled down dysbindin with TRIM24/32 and vice versa ( Fig. 1, A-D) . We also validated this interaction in neonatal rat ventricular cardiomyocytes (NRVCMs), where we could only pull down TRIM24/32 using an antibody against dysbindin (Fig. 1, E and F) . Moreover, to check the domain specificity of TRIM24-dysbindin interaction, we performed Co-IP experiments in HEK293A cells by co-transfecting TRIM24 with several dysbindin fragments as depicted in supplemental Fig. S1A . It was seen that the coiled-coil domain of dysbindin is the minimum required domain for dysbindin-TRIM24 interaction (supplemental Fig. S1B ).
Interestingly, the tissue distribution pattern of TRIM24 and TRIM32 in mice showed significant expression at the mRNA level in the heart in addition to various other tissues, which further implies a cardiac role (supplemental Fig. S1C ). However, at the protein level, TRIM24 was maximally expressed in skeletal muscle, whereas TRIM32 was prominently expressed in the brain (supplemental Fig. S1D ). Subcellular localization of both TRIMs and their co-localization with dysbindin were then determined by high resolution confocal imaging in NRVCMs by co-immunostaining dysbindin with either TRIM24-or TRIM32-specific antibodies. Similar to dysbindin, endogenous TRIM24 was found to be prominently located in the nuclei and perinuclear region ( Fig. 1G, upper panel) , and, when co-expressed with dysbindin, it was also seen scattered in the cytoplasm (supplemental Fig. S1E, upper panel) . On the one hand, endogenous TRIM32 was localized throughout the cell but was concentrated in the perinuclear region ( Fig. 1G , lower panel). We measured robust Mander's coefficients (representing above 90% co-localization) when either endogenous or overexpressed Fig. S1 , F-I). Furthermore, co-immunostaining of dysbindin, TRIM24, or TRIM32 with ␣-actinin indicated that, unlike their strong biochemical interaction with each other, these proteins only partially co-localize with sarcomeric ␣-actinin ( Fig. 1H ).
TRIM24 and TRIM32 are differentially regulated in cardiac hypertrophy and cardiomyopathy in vivo
Because of the known involvement of MuRF1/2, two other important TRIM family proteins, in cardiac hypertrophy and cardiomyopathy, we checked for the expression of TRIM24/32 in mouse models of cardiac hypertrophy induced either by biomechanical stress due to transverse aortic constriction (TAC) or by controlled infusion of an ␣-adrenergic agonist, phenylephrine (PE). Sham-operated and mice infused only with physiological saline served as the respective control groups. At protein level, TRIM24 was significantly up-regulated in PE-treated mice (Fig. 2, A and B) , but its expression remained unchanged in TAC-operated mice (Fig. 2 , D and E). However, TRIM24 transcript levels were unaffected in either of the mouse models ( Fig. 2 , C and F). TRIM32 also displayed no change in mRNA levels (Fig. 2 , C and F), but its expression at the protein level was significantly reduced in both hypertrophic models ( Fig. 2, A, B , D, and E), consistent with a post-transcriptional control on its expression. Interestingly, however, neither of the TRIM proteins was dysregulated in genetic mouse models of hypertrophy (calcineurin-transgenic mouse, supplemental Figs. S2A and S3C) nor dilated cardiomyopathy (MLP knock-out mouse, supplemental Fig. S2 , D-F).
Furthermore, we asked whether protein expression of TRIM24 and TRIM32 is altered in human patients suffering from hypertrophic or dilated cardiomyopathy (HCM/DCM). Similar to the effects observed in hypertrophic mice, TRIM24 displayed a striking increase in both HCM and DCM heart tissues, whereas TRIM32 again showed a significant reduction in protein levels compared with non-failing (NF) human heart samples ( Fig. 2 , G-L). Thus, the consistent dysregulation of the TRIM24/32 expression in hypertrophic datasets obtained from animal models and human patients indicated possible relevance of both TRIMs in the pathogenesis of cardiac hypertrophy and cardiomyopathy, and this prompted us to further investigate their role in cardiomyocytes.
TRIM24 and TRIM32 antagonistically regulate dysbindin levels and SRF activity in NRVCMs
TRIM24 and TRIM32 are members of the TRIM protein superfamily, mostly consisting of E3 ubiquitin ligases, which contain Ring finger domains for ubiquitination of cellular proteins (16) . To determine their role in dysbindin degradation, we infected several combinations of dysbindin, TRIM24, and TRIM32 adenoviruses (supplemental Fig. S3, A, B , E, F, I, and J) in NRVCMs in the absence or presence of either ubiquitin or MG132 (a proteasome inhibitor) or both. Interestingly, immunoblot analysis demonstrated no effect on dysbindin in the presence of TRIM24 but robust degradation in the presence of TRIM32 ( Fig. 3 , A-D), suggesting that TRIM32, but not TRIM24, acts as an E3 ubiquitin ligase of dysbindin in cardiomyocytes. Adenovirus-mediated knockdown of either TRIM24 or TRIM32 using synthetic microRNA (supplemental Fig. S3 , G, H, K, and L), however, did not alter dysbindin expression ( Fig. 3 , E and F). Along these lines, we first confirmed that dysbindin is polyubiquitinated by ubiquitin overexpression (Fig. 3 , G and H). We then analyzed the effect of proteasome inhibitor MG132 on the E3 ubiquitin ligase and ubiquitination activity of TRIM24/32. We found that the presence of TRIM24 significantly reduced ubiquitin-mediated dysbindin degradation, whereas MG132 treatment abrogated the degradation of dysbindin by ubiquitin, indicating that the dysbindin degradation is UPS-dependent ( Fig. 3 , I-K). Similarly, MG132 treatment blunted the dysbindin degradation due to TRIM32 in the presence or absence of ubiquitin ( Fig. 3 , L-N). Notably, overexpression of TRIM32 robustly increased ubiquitination of the proteins, whereas TRIM24 exhibited opposite effects ( Fig. 3 , K and N). Altogether, these data strongly show that TRIM32 acts as a UPS-dependent E3 ubiquitin ligase for dysbindin, whereas TRIM24 exhibits protective effects.
We have previously identified dysbindin as a robust inducer of Rho-dependent SRF signaling (8) . To explore the potential effects of both TRIMs on this pathway, we overexpressed TRIM24 and TRIM32 in the absence or presence of dysbindin in NRVCMs and assessed the activation of SRF signaling using the SRF-response element (SRF-RE)-driven firefly luciferase activity. Interestingly, TRIM24 exhibited a positive effect on SRF signaling as observed with dysbindin. TRIM24 when coexpressed with dysbindin displayed an additive effect on the robust activation of SRF signaling by dysbindin ( Fig. 4A ). To the contrary, overexpressed TRIM32 did not show significant effect on SRF signaling compared with control; notwithstanding, it strongly diminished the induction of SRF signaling by HEK293A cells were co-transfected with V5-tagged dysbindin and FLAG-tagged TRIM24 or TRIM32. Empty vectors transfected with either dysbindin, TRIM24, or TRIM32 were used as respective controls. Immunoprecipitation was performed using anti-V5 or FLAG tag cross-linked magnetic beads. Precipitated proteins were immunoblotted with respective antibodies. Dysbindin was found to be co-precipitated with TRIM24 (A) and vice versa (B). Similarly, TRIM32 and dysbindin pulled down each other (C and D, respectively), although no interaction was seen in control IP (lane 1 in each blot), confirming interaction between dysbindin and TRIM24/TRIM32. We also performed co-IP by overexpressing HA-tagged dysbindin in NRVCMs and precipitated using anti-HA tag cross-linked magnetic beads. Precipitated proteins were immunoblotted with TRIM24 (E) and TRIM32 (F) antiserum. and the interaction between dysbindin and TRIM24 or TRIM32 was further validated. Vertical black lines in the blots indicate that the intervening lanes have been spliced out. G, confocal micrographs representing the co-immunostaining of endogenous dysbindin with either TRIM24 (upper lane) or TRIM32 (lower lane). H, co-immunostaining of native dysbindin, TRIM24, or TRIM32 with ␣-actinin. Nuclei were stained with DAPI, and images were captured with a Zeiss LSM800 laser-scanning microscope. Scatter plots show the analysis of co-localization as described under "Experimental procedures." White rectangles represent cropped areas for detailed re-acquisition. MCC ϭ Mander's co-localization coefficient. Scale bar (shown with a white line), 20 m. IP, immunoprecipitation; WB, Western blotting; Dys, dysbindin. dysbindin ( Fig. 4B ). Correspondingly, knockdown of TRIM24 using a TRIM24-specific synthetic microRNA resulted in reduced SRF activation, but no significant difference was observed when this knockdown was followed by dysbindin overexpression, compared with the overexpression of dysbindin alone (Fig. 4C ). Although knockdown of endogenous TRIM32 resulted in a significant increase of SRF-luciferase activity in the presence of dysbindin, no significant effect of TRIM32 knockdown was observed in the absence of dysbindin ( Fig. 4D ).
TRIM32 adversely affects cell viability and hypertrophy
To investigate the (patho-) physiological role of TRIM24/32, we performed comparative analyses of the effects of dysbindin, TRIM24, and TRIM32 on the growth and survival of cardiomyocytes. The pro-hypertrophic effect of dysbindin expres- A, protein expression of TRIM24 and TRIM32 in control (PBS) and phenylephrine (PE)-treated mice. Osmotic mini-pumps filled with PE (25 g/kg body weight/min) prepared in PBS with 1 mg/ml L-ascorbate (Sigma) were implanted subcutaneously in 8-week-old C57BL/6 mice and housed for 2 weeks. Control mice group received vehicle L-ascorbate in PBS. Post 2-week implantation, protein isolated from the hearts of these mice was immunoblotted against respective TRIM antiserum. n ϭ 5. Respective densitometry analysis is shown in B, with GAPDH as endogenous control. C, quantitative real-time PCR was performed to identify the transcript levels of TRIM24 and TRIM32 in PE-treated mice compared with the control mice group. D, protein expression of TRIM24 and TRIM32 in TAC or sham-operated mice. 8-Week-old C57BL/6 mice were subjected to TAC operations, and heart samples were used for protein isolation 2 weeks post-operation. Protein samples were immunoblotted against respective TRIM antiserum. n ϭ 6. Respective densitometry analysis is shown in E, with GAPDH as endogenous control. F, transcript levels of TRIM24 and TRIM32 were determined by qRT-PCR in sham versus TAC-operated mouse hearts. G, protein expression of TRIM24 and TRIM32 in non-failing (NF, n ϭ 7) and hypertrophic cardiomyopathy (HCM, n ϭ 4)-affected human hearts. H, densitometric analysis was performed for respective immunoblots from G, with GAPDH as an endogenous loading control. I, quantitative real-time PCR was performed to identify the transcript levels of TRIM24 and TRIM32 in NF versus HCM patients. J, protein expression of TRIM24 and TRIM32 in non-failing (NF, n ϭ 7) and dilated cardiomyopathy (DCM, n ϭ 10) affected human hearts. K, densitometric analysis was performed for respective immunoblots from J, with tubulin as an endogenous loading control. L, quantitative real-time PCR was performed to identify the transcript levels of TRIM24 and TRIM32 in NF versus DCM patients. Statistical significance was determined using two-tailed Student's t test. Error bars show means Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, non-significant. Cont, control; PE, phenylephrine; TAC, transverse aortic constriction.
sion on NRVCMs was evident as predicted, and TRIM24 expression also exerted a similar effect (Fig. 5, A and B) . In contrast, TRIM32 markedly reduced cell size when compared with cardiomyocytes expressing dysbindin or TRIM24 (Fig. 5, A  and B) . Furthermore, to our surprise, the total cell number of cultured NRVCMs was remarkably reduced in the presence of overexpressed TRIM32 (Fig. 5, A and B) . This led us to further investigate the potential cause of this effect. Of note, dysbindin has previously been shown to play a supportive role in cell viability and proliferation in neurons (42, 43) . Thus, we hypothesized that these effects are suppressed by TRIM32 by virtue of dysbindin degradation. To determine cell viability, we performed MTT assays. Cardiomyocyte survival indeed showed inverse relation with the expression of TRIM32 but not with dysbindin and TRIM24 expression ( Fig. 5C ). To visually confirm this negative effect of TRIM32 on cell viability and apopto- , and TRIM32 (Ad-TRIM32, 100 ifu) on endogenous (A) or overexpressed (B) (Ad-dysbindin, 50 ifu) dysbindin protein level indicates that TRIM24 does not, whereas TRIM32 does actively degrade dysbindin; respective densitometry data are presented as graphs in C and D. E, infection with synthetic microRNAs targeting either TRIM24 or TRIM32 did not alter dysbindin protein levels (densitometry in F). n ϭ 3. G, overexpression of ubiquitin in the presence of dysbindin led to polyubiquitination of dysbindin as confirmed by the appearance of high molecular weight bands in lanes 4 -6 (ubiquitin overexpression is shown in H). I, effect of ubiquitin and UPS inhibitor MG132 on dysbindin protein levels when co-expressed with TRIM24; respective densitometry analysis presented in graph J clearly shows that TRIM24 partially restricted dysbindin degradation due to ubiquitin, whereas MG132 completely prevented dysbindin degradation suggesting direct involvement of the UPS system. K, ubiquitin immunoblot also indicates that the presence of TRIM24 reduces ubiquitin-driven polyubiquitination. Similarly, the presence of MG132 also attenuated the dysbindin degradation due to TRIM32 (L and M); nevertheless, in contrast to TRIM24, TRIM32 accelerated the polyubiquitination of cardiomyocyte proteins when co-expressed with ubiquitin (N). Statistical significance was determined using two-tailed Student's t test. Error bars show means Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, non-significant. D and Dys, dysbindin; T24, TRIM24; T32, TRIM32; U and Ubi, ubiquitin. sis, we also performed TUNEL assays and immunostainings with cleaved caspase-3 or propidium iodide (PI), a DNA intercalating stain that is excluded from membrane permeability in viable cells, thus commonly used to identify dead cells in a population. Again, the detrimental effect of Fig. S4, A and B) . Notably, however, TRIM24 overexpression alone did not have any effect on cell viability or apoptosis (Figs. 5, D-G, and supplemental Fig. S4, A and  B) . These data indicate that TRIM32 is a strong modulator of cell viability and apoptosis in NRVCMs.
TRIM32 induces apoptosis in cardiomyocytes via caspase-3 and caspase-7 activation
Next, we wanted to ascertain the underlying mechanism how TRIM32 induces apoptosis. Caspases are known to be markers and mediators of apoptosis, initiating and executing programmed cell death (44) . To investigate whether TRIM32 induces apoptosis via caspases, we determined the effect of dysbindin, TRIM24, and TRIM32 expression on caspase activation by immunoblotting. As anticipated, TRIM32 up-regulation in NRVCMs displayed strong appearance of cleaved fragments around 18 kDa for both caspase-3 (Fig. 6, A and B) and caspase-7 ( Fig. 6, C and D) , compared with the respective control groups. Caspase-3 is a known negative regulator of X-linked inhibitor of apoptosis (XIAP) (45) and exerts a positive influence on p53 expression (46), a well known carcinogenic marker that induces apoptosis in cancer cells. Moreover, XIAP is also a direct target of TRIM32 (47) , and both TRIM24/32 have a known link with p53 in other cell types (35, 48, 49) . In line with these findings, TRIM32 expression significantly decreased XIAP protein levels (Fig. 6 , E and F) in cardiomyocytes. Furthermore, we found a significant reduction and a dramatic increase in p53 levels in the presence of dysbindin and TRIM32, respectively (Fig. 6, G and H) . Overall, these findings indicate that TRIM32 robustly activates apoptosis in NRVCMs via caspase-3/XIAP signaling pathway.
TRIM24 protects dysbindin from degradation by TRIM32
Finally, we asked whether TRIM24 exhibits the potential to protect dysbindin degradation and downstream signaling via inhibition of TRIM32-mediated dysbindin degradation. Therefore, we repeated the cell size measurements, SRF signaling assays, and assessment of dysbindin protein levels in a set of experimental conditions where dysbindin was co-expressed with both TRIM24 and TRIM32 simultaneously. Of note, the negative effects of TRIM32 were significantly blunted by TRIM24, resulting in a larger cell size and increased SRF-signaling activity (Fig. 7 , A-C). Remarkably, in the presence of TRIM24, the potent effect of TRIM32 on dysbindin degradation at the protein level is abrogated (Fig. 7 , D and E). Thus, TRIM24 effectively counteracts TRIM32-driven dysbindin degradation with subsequent effects on cardiomyocyte growth and SRF signaling.
Discussion
The physiological role of dysbindin in the brain and its association with the psychiatric disorder schizophrenia is well established and has been shown in a series of research studies in vitro, in animal models, and in humans (50, 51) . However, little is known about the role and regulation of this highly conserved and ubiquitously expressed protein in other cell types. Previously, our group reported dysbindin to be pro-hypertrophic and an SRF-signaling activator in neonatal rat cardiomyocytes Adenoviruses expressing dysbindin (Ad-dysbindin, 50 ifu), TRIM24 (Ad-TRIM24, 100 ifu), TRIM32 (Ad-TRIM32, 100 ifu), SRF-RE reporter-based firefly luciferase (Ad-SRF-luc, 20 ifu), and Renilla luciferase (Ad-, 5 ifu, control) were used for infection in NRVCMs. Adenovirus expressing ␤-galactosidase (Ad-LacZ) was used as control or to maintain equal quantity of virus used for infection. Data shown are means of three independent experiments, n ϭ 6. Synthetic microRNA specific for TRIM24 (miRT24) (C) or TRIM32 (miRT32) (D) was used for knockdown of endogenous TRIMs in NRVCMs to determine its effect on dysbindin-mediated SRF signaling by luciferase assay. Synthetic microRNA not targeting any transcript (miRneg) was used as a negative control. Data shown are means of two independent experiments performed in hexaplicate. Statistical significance was determined using two-tailed Student's t test. Error bars show means Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, non-significant. Dys, dysbindin; T24, TRIM24; T32, TRIM32; miRT24, microRNA-TRIM24; miRT32, microRNA-TRIM32. (8) . To further study the molecular function of dysbindin and to determine its binding partners in cardiomyocytes, we devised a yeast two-hybrid screen using dysbindin as bait against the human cardiac cDNA library. This screen resulted in the iden-tification of TRIM24 as a new putative binding partner, in addition to RhoA and others. Here, we show that TRIM32, a previously reported E3 ubiquitin ligase of dysbindin, targets its degradation in cardiac muscle cells. Counterintuitively, TRIM24 Figure 5 . TRIM32 adversely affects cell viability and hypertrophy. A, representative images for cell-size analysis. NRVCMs were cultured on coverslips in triplicate, infected with adenovirus expressing LacZ (Ad-LacZ, control), dysbindin (Ad-dysbindin, 50 ifu), TRIM24 (Ad-TRIM24, 100 ifu), and TRIM32 (Ad-TRIM32, 100 ifu) for 72 h, and immunostained with ␣-actinin. Nuclei were stained with DAPI. Cell size analysis was performed on images taken with Keyence fluorescence microscope. B, cell surface area of the respective datasets was measured from randomly selected cells from three independent coverslips using MacroCellCount analyzer from BZ-II software. The experiment was repeated three times in triplicate. C, MTT assay for cell viability. Cultured NRVCMs were infected with adenovirus expressing dysbindin (Ad-dysbindin, 50 ifu), TRIM24 (Ad-TRIM24, 100 ifu), TRIM32 (Ad-TRIM32, 100 ifu) in serum-free media for 72 h. Adenovirus expressing ␤-galactosidase (Ad-LacZ) was used as control. After the incubation period, MTT-labeling reagent was added, and cells were incubated for 4 h in a humidified atmosphere. Subsequently, cells were subjected to overnight incubation with solubilization solution. Spectrophotometric absorbance was measured using Tecan ELISA reader. Data shown are means of three independent experiments performed in hexaplicates. D and F, representative images for TUNEL and cleaved caspase-3 staining in NRVCMs. After adenovirus infection for 72 h as mentioned above, NRVCMs underwent TUNEL staining (D) and immunostaining with cleaved caspase-3 (F). DAPI was used as nuclear stain for total nuclei. Respective analysis for percentage of TUNEL-positive (E) and protects dysbindin from degradation. Furthermore, TRIM24 enhanced dysbindin function, its role in cellular hypertrophy, and SRF activation in cardiomyocytes, whereas TRIM32 attenuated these effects. Moreover, our studies indicate an anti-proliferative and pro-apoptotic role of TRIM32 in cardiomyocytes. In this study, we thus identified a new mechanism of post-transcriptional control of dysbindin levels mediated by these TRIM proteins.
Our study not only ascertains the interaction between dysbindin-TRIM32, but it also provides mechanistic insights into this interaction and downstream effects in cultured cardiomyocytes. TRIM32 is a ubiquitously expressed E3 ubiquitin ligase that is localized to the Z-line in skeletal muscle and has been shown to target desmin, actin, myosin, c-Myc, NDRG2, etc., in addition to dysbindin (30, (52) (53) (54) . TRIM32 is necessary for muscle regeneration, myoblast proliferation, and differentiation (28, 30, (52) (53) (54) (55) (56) (57) and has also been implicated in skeletal muscle atrophy (52) . Here, we show that TRIM32 is significantly down-regulated in mouse models of hypertrophy caused by either infusion of PE or transverse aortic constriction and also in DCM and HCM patients, although it is not altered in the CnA-tg or MLP-ko mouse hearts. Interestingly, we observed an inconsistent low molecular weight protein band right below the expected TRIM32 band in the mouse hearts, which was highly up-regulated after TAC and in CnA-tg mouse hearts. We hypothesize that this additional band might represent a yet uncharacterized TRIM32 isoform that gets up-regulated due to the hypertrophic stress. NRVCMs were cultured on coverslips in triplicate, infected with adenovirus expressing ␤-galactosidase (Ad-LacZ, control), dysbindin (Ad-dysbindin, 50 ifu), TRIM24 (Ad-TRIM24, 100 ifu), and TRIM32 (Ad-TRIM32, 100 ifu) for 72 h, and immunostained with ␣-actinin. Nuclei were stained with DAPI. Images were taken with Keyence fluorescence microscope. B, cell surface area of the respective datasets was measured from randomly selected cells from three independent coverslips using MacroCellCount analyzer from BZ-II software. The experiment was repeated three times in triplicate. C, effect of TRIM24 and TRIM32 in different combinations with dysbindin on SRF luciferase activity determined by SRF-RE firefly luciferase reporter assay in NRVCMs. Adenoviruses expressing dysbindin (Ad-dysbindin, 50 ifu), TRIM24 (Ad-TRIM24, 100 ifu), TRIM32 (Ad-TRIM32, 100 ifu), SRF-RE reporter-based firefly luciferase (Ad-SRF-luc, 20 ifu), and Renilla luciferase (Ad-Renilla, 5 ifu, control) were used for infection in NRVCMs. Data shown are means of three independent experiments performed in hexaplicate. D, immunoblot showing dysbindin expression in protein isolated from NRVCMs overexpressing dysbindin in combination with TRIM24 and/or TRIM32; its densitometry analysis is depicted by a bar graph in E. F, pictorial representation of the effects of TRIM24/32 on dysbindin and downstream signaling in cardiomyocytes. Dysbindin activates SRF signaling through direct interaction with Myozap and RhoA, consequently leading to induction of SRF-responsive genes and hypertrophy. Based on the data from this study, we propose that TRIM24 protects and promotes dysbindin-mediated hypertrophy and SRF signaling, whereas TRIM32 by virtue of dysbindin degradation inhibits hypertrophy and SRF signaling. TRIM32 also induces apoptosis via activation of p53, caspase-3/-7, and inhibition of XIAP in cardiomyocytes. Statistical significance was determined using two-tailed Student's t test. Error bars show means Ϯ S.E. *, p Ͻ 0.05; ***, p Ͻ 0.001; ns, non-significant. Scale bar (shown with a white line), 100 m.
While this work was in preparation, Chen et al. (31) provided a first hint toward a potential role for TRIM32 in the pathophysiology of the heart: Through gain-and loss-of-function approaches, they showed that TRIM32 protects the heart against pathological hypertrophy due to biomechanical stress (induced by transverse aortic constriction) or angiotensin II (31) . Our data are in line with these findings and further provide a potential molecular mechanism to this phenomenon, as we show that TRIM32 restricts the pro-hypertrophic effects of dysbindin. Furthermore, we found that overexpression of TRIM32 is anti-proliferative and pro-apoptotic through the activation of caspase-3 and caspase-7. Activation of caspase-3 leads to inactivation of XIAP and activation of p53 (45, 46) . To the contrary, as the name suggests, XIAP regulates apoptosis by inhibiting caspase-3 and -7 (58, 59) . Notably, both XIAP and p53 are targets of TRIM32, whereas TRIM32 is reported to antagonize XIAP and is a negative regulator of p53 (47, 48) . However, in this study, we report a rather strong up-regulation of p53 and down-regulation of XIAP when TRIM32 is overexpressed in cardiomyocytes suggesting a tissue-specific effect of TRIM32. Taken together, activation of p53/caspase-3/-7 and simultaneous inhibition of XIAP strongly contribute to the robust induction of apoptosis due to TRIM32 expression. Complementing our data, Hillje et al. (60) earlier showed that TRIM32 deficiency leads to increased proliferation and reduced apoptosis in neurons. In cancerous cells, however, TRIM32 is up-regulated and promotes tumorigenesis (48) . In the heart, we speculate that the observed down-regulation of TRIM32 might be required for the development of (pathological) hypertrophy. It will thus be interesting to study this question in vivo, e.g. by restoring TRIM32 levels and assessing whether hypertrophy/heart failure still occurs. Nevertheless, the parallel effects of TRIM32 on cell survival might obscure the data, as TRIM32 could promote heart failure due to increased cell death even though hypertrophy is inhibited. Answering this question will be imperative before considering TRIM32 as a therapeutic target in pathological cardiac hypertrophy as proposed by Chen et al. (31) .
Interestingly, we identified TRIM24, another TRIM family protein, as a new binding partner of dysbindin by a yeast twohybrid screen from a cardiac cDNA library, which was further validated by co-immunoprecipitation in NRVCMs. TRIM24 was originally identified as transcriptional intermediary factor-1␣ (TIF-1␣), a ligand-dependent co-repressor of retinoic acid receptor-␣ expression (61) . Moreover, it is aberrantly expressed in human breast cancers and correlates with poor survival (39) . The tissue distribution pattern of TRIM24/32 indicates that TRIM24 is expressed at higher levels than TRIM32 in the heart; however, to the best of our knowledge, no cardiac role for TRIM24 has yet been established. In contrast to TRIM32, TRIM24 was strongly up-regulated in mouse heart after PE infusion and in the hearts of human patients suffering from either DCM or HCM suggesting possible differential cardiac function for TRIM24 and TRIM32. It should also be noted that although TRIM24/32 share similar N-terminal RBCC domains, they carry distinct C-terminal motifs and hence are categorized into different subgroups (TRIM24 in subgroup VI and TRIM32 in subgroup VII (16)). It is therefore not surprising if two TRIMs exhibit contrasting effects in the same tissue for a given substrate, in this case, dysbindin. Although TRIM32 led to a strong reduction in dysbindin protein levels, TRIM24 rather protected TRIM32-mediated degradation of dysbindin. It was previously shown that TRIM32 interacts with dysbindin through its coiled-coil domain (30) . Through mapping and coimmunoprecipitation experiments, we have also identified the coiled-coil domain of dysbindin to be the minimal domain required for its interaction with TRIM24. Hence, our data suggest that TRIM24 may inhibit the effects of TRIM32 through competitive binding. Moreover, by virtue of either protection or degradation of dysbindin levels in cardiomyocytes, the yin and yang function of TRIM24 and TRIM32 also regulates the pro-hypertrophic and SRF-activating effects of dysbindin, respectively.
Taken together, we here provide a novel mechanism of posttranslational regulation of dysbindin in cardiomyocytes via its interaction partners TRIM24/32. This study also implies TRIM32 as a strong inducer of apoptosis in cardiomyocytes via concordant activation of p53 and caspase-3/-7 and inhibition of XIAP. Findings from this study and the known cardiac function of dysbindin from our previous work are summarized in a model cartoon (Fig. 7F) .
In summary, this is the first report to show a cardiac role for TRIM24 in general and a protective role for dysbindin in particular. Moreover, the opposing effects of two TRIM proteins for a single target provide a novel pathway of post-translational regulation of dysbindin in cardiomyocytes. The association of dysbindin/TRIM24/32 with SRF signaling also makes this interaction interesting in the context of hypertrophy. Also, the strong apoptotic effects of TRIM32 are notable and might have wider implications in cardiac disease states. Finally, the differential expression of both TRIM24/32 in mouse models of biomechanical and biochemical hypertrophy and human patients suffering from DCM/HCM suggests a possible direct/indirect involvement of these TRIMs in cardiac pathophysiology, which needs future attention to decipher the underlying mechanisms. In broader terms, this study provides an initial characterization of two members of the TRIM family E3-ubiquitin ligases expressed in the heart, which need to be further explored for their in vivo and pathophysiological relevance.
Experimental procedures
Cloning of TRIM24 and TRIM32
Expression constructs for dysbindin and various dysbindin fragments were generated as described in Rangrez et al. (8) . The plasmid for TRIM24 expression vector was a generous gift from Dr. Barton, University of Texas, Houston. TRIM32 was cloned from rat heart cDNA using primers 5Ј-GCTGGCACCATG-GCTGCGGCTGCAGCA-3Ј and 3Ј-GCTGGGTCGCCCTA-AGGGGTAGAGTATCT-5Ј in pDonR221 gateway cloning vector by following the manufacturer's instructions (Thermo Fisher Scientific). Knockdown of TRIM24 and TRIM32 was achieved by cloning the respective synthetic microRNAs using BLOCK-iT TM polymerase II miR RNAi Expression vector kit and Gateway cloning system (Thermo Fisher Scientific).
Generation of recombinant adenoviruses and recombinant protein expression plasmids
Adenoviruses encoding full-length mouse dysbindin, human TRIM24, and rat TRIM32 cDNA and other necessary constructs (SRF-RE-luciferase, Renilla luciferase) were generated using the ViraPower adenoviral kit (Thermo Fisher Scientific) following the manufacturer's guidelines. In brief, previously cloned cDNA in pDonR221 vector was transferred into the pAd/CMV/V5-DEST destination vector. These constructs were then digested with PacI restriction enzyme and transfected into HEK293A cells to produce respective protein-expressing adenoviruses. Titration for the viruses was performed by staining virus-infected HEK293A cells with fluorescent anti-Hexon antibody. A ␤-galactosidase-V5-encoding adenovirus (Ad-LacZ; Thermo Fisher Scientific) served as a control. Similarly, for the generation of expression plasmids, the respective genes cloned into pDonR221 vector were transferred into pDest40 or pcDNA3.1 Gateway expression vectors, respectively, for transfection in mammalian cell lines.
Antibodies
Antibodies used for various experiments in this study were as follows: actin, goat polyclonal (1:3000; Santa Cruz Biotechnology), ␣-actinin, mouse monoclonal (1:200; Sigma); ␣-actinin, rabbit polyclonal (1:400; Abcam); ␣-tubulin, mouse monoclonal (1:8,000; Sigma); caspase-3, rabbit polyclonal (1:1,000; Cell Signaling Technology); cleaved caspase-3, rabbit monoclonal (1:400; Cell Signaling Technology); caspase-7, rabbit polyclonal (1:1,000; Cell Signaling Technology); dysbindin, mouse monoclonal (1:500, Santa Cruz Biotechnology); FLAG tag, mouse monoclonal (1:500; Sigma); GAPDH (1:20,000; Sigma); p53, mouse monoclonal (1:1,000, Novus Biologicals); TRIM24, rabbit polyclonal (1:1,000; Proteintech); TRIM32, rabbit polyclonal (1:500, Sigma); ubiquitin, mouse monoclonal (1:1,000; Millipore Upstate); V5 tag, mouse monoclonal (1:500; Biozol); and XIAP, rabbit polyclonal (1:1,000; Cell Signaling Technology).
Isolation of NRVCMs
NRVCMs were prepared as described previously (8) . In brief, for isolation of NRVCMs, left ventricles from 1-2-day old Wistar rats (Charles River) were harvested and chopped in buffer B containing 120 mmol/liter NaCl, 20 mmol/liter Hepes, 8 mmol/liter NaH 2 PO 4 , 6 mmol/liter glucose, 5 mmol/liter KCl, and 0.8 mmol/liter MgSO 4 , pH 7.4. For the release of individual cardiomyocytes from chopped tissue mass, five to six enzymatic digestion steps were performed with 0.6 mg/ml pancreatin (Sigma) at 37°C and 0.5 mg/ml collagenase type II (Worthington) in sterile buffer B. Cell suspension was then passed through a cell strainer followed by the addition of newborn calf serum to stop enzymatic digestion. Cardiomyocytes were separated from fibroblasts using a Percoll gradient (GE Healthcare) centrifugation step and cultured in DMEM containing 10% fetal calf serum (FCS), 2 mM penicillin/streptomycin, and L-glutamine (PAA Laboratories). Adenovirus infection in DMEM supplemented with penicillin/streptomycin and L-glutamine but lacking FCS was performed 24 h post-harvest.
Co-IP in HEK293A cells
HEK293A cells were maintained in DMEM containing 4% FCS, 2 mM L-glutamine, and penicillin/streptomycin. Dysbindin was cloned with the C-terminal V5 tag, whereas both TRIM24 and TRIM32 were cloned with the N-terminal FLAG tag. For establishing interaction between dysbindin and TRIM proteins, HEK293A cells (2.5 ϫ 10 6 ) were co-transfected with 10 g each of TRIM expression plasmids with or without dysbindin using Lipofectamine 2000 (Life Technologies, Inc.). Empty vector pCGN-expressing HA tag was used as a negative control. 48 h after transfection with an intermittent media change at 24-h intervals, cells were washed with PBS, pelleted down, and resuspended in buffer A (50 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.2% SDS) supplemented with phosphatase and protease inhibitor mixtures (Complete; Roche Applied Science). Cells were lysed by three successive freeze-thaw cycles followed by centrifugation at 18,000 ϫ g at 4°C for 20 min. The supernatant containing cellular proteins was used for immunoprecipitation using anti-V5 or anti-FLAG affinity gels in two separate setups following the manufacturer's guidelines. In brief, 1 mg of protein in a total volume of 1 ml of lysis buffer was applied to 50 l of equilibrated beads, and V5-and FLAG-tagged proteins were then allowed to bind to the respective antibody on the beads for ϳ4 h at 4°C atop a rotating shaker. Protein lysate was removed carefully after centrifugation at 8,000 ϫ g, and magnetic beads were washed 4 -5 times with lysis buffer. Precipitated proteins from the beads were eluted with 50 l of Laemmli sample buffer. 10 l of this eluted protein was immunoblotted with SDS-PAGE followed by transfer to nitrocellulose membranes and developed against anti-FLAG or anti-V5 antibodies for checking two-way interactions between dysbindin and TRIM proteins. All the co-IP experiments were performed twice.
Co-IP in NRVCMs
Cultured NRVCMs (6 ϫ 10 6 ) were co-infected with adenoviruses for HA-tagged dysbindin (Ad-HA-dysbindin, 50 ifu), TRIM24 (Ad-TRIM24, 100 ifu), TRIM24 (Ad-TRIM24, 100 ifu), and TRIM32 (Ad-TRIM32, 100 ifu) in several setups in DMEM containing 2 mM penicillin/streptomycin and L-glutamine but lacking FCS. Adenovirus expressing ␤-galactosidase (Ad-LacZ) was used as negative control for all the co-IP experiments. 72 h after infection, cells were washed with PBS, pelleted, and resuspended in buffer A (50 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.2% SDS) supplemented with phosphatase and protease inhibitor mixture (Complete; Roche Applied Science). Cells were lysed three times by freeze-thaw, and debris was removed by centrifugation. Supernatant-containing protein was used for the immunoprecipitation using anti-HA affinity gel (EZview Red; Sigma) following the manufacturer's guidelines. In brief, 1 mg of protein in a total volume of 1 ml of buffer A was applied to 50 l of equilibrated beads, and HA-tagged proteins were allowed to bind to anti-HA antibody on the beads for ϳ4 h at 4°C atop a rotating shaker. Protein lysate was removed carefully after centrifugation at 8,200 ϫ g, and beads were washed for four to five times with lysis buffer. Precipitated proteins from the beads were eluted with 50 l of Laemmli sample buffer. 10 -15 l of this eluted protein was immunoblotted with SDS-PAGE followed by transfer to nitrocellulose membranes against various antisera, including TRIM24, TRIM32, dysbindin, HA, etc. All co-IP experiments were performed at least twice.
Confocal immunofluorescence microscopy
Co-localization studies of dysbindin with TRIM24 and TRIM32 were carried out in NRVCM. NRVCMs were seeded in a 12-well plate on collagen-coated coverslips. Following the adenovirus infection and incubation phase, NRVCMs were fixed with 4% paraformaldehyde for 10 min, permeabilized, and blocked with 0.1% Triton X-100 in 2.5% BSA in phosphatebuffered saline (PBS) for 1 h at room temperature. Cells were then incubated for 1 h with primary antibodies using the following dilutions: monoclonal mouse anti-dysbindin (1:100; Santa Cruz Biotechnology), monoclonal mouse anti-␣-actinin (1:200; Sigma), polyclonal rabbit anti-␣-actinin (1:400; Abcam), polyclonal rabbit anti-TRIM24 (1:200; Acris), and polyclonal rabbit anti-TRIM32 (1:200, Sigma) for co-localization. Respective secondary antibodies conjugated to either Alexa Fluor-488 (AF488), Alexa Fluor-546 (AF546), or Alexa Fluor-647 (Thermo Fisher Scientific) were incubated for 1 h at a dilution of 1:200 in 2.5% BSA in PBS, along with nuclear stain DAPI. FluorPreserve reagent (Merck Millipore) was used as mounting medium. Confocal images were taken with a Zeiss LSM800 laser-scanning microscope with a Plan-Apochromat ϫ40/1.4 oil differential interference contrast (UV)-visible IR objective at room temperature. Image pixel size was set to optimal for individual acquisitions. Pinhole was adjusted to 1 airy unit or less for each individual laser line. AF546 and DAPI channels were acquired via GaAsP-Pmt detectors and AF488 channel with a Multialkali-Pmt detector with gain settings between 600 and 700 V. The laser power for excitation ranged from 0.2 to 0.8%. Cropped regions from the overviews are not digital magnifications of the areas but newly acquired images.
Co-localization analysis
The co-localization analyses were carried out using the Zeiss co-localization method ZEN-blue software package. Individual cells from three different overview images were taken into the measurement to maintain co-localization coefficient calculation integrity. For setting the scatter plot boundaries and to automatically identify the threshold value to be used to identify background values, we utilized the method of Coste et al. (62) , which was automatically implemented by the software. To assess the fraction of a protein that co-localizes with another protein, we utilized the Mander's co-localization coefficients (MCC) (63) , which are metrics that are widely used in biological microscopy analyses and have been implemented in all biological image analysis software packages (64) . MCC measures cooccurrence independent of signal proportionality and ranges from 0 to 1, where an MCC of 1 represents 100% co-localizations of the respective dyes.
TAC
TAC was performed in 8-week-old C57BL/N mice as described previously (6) . Briefly, mice were anesthetized with combination of ketamine (120 mg/kg i.p.) and xylazine (15 mg/kg i.p.). The mice were then orally intubated with a 20-gauge tube and ventilated (Harvard Apparatus) at 120 breaths per min (0.2-ml tidal volume). The aortic constriction was performed via a lateral thoracotomy through the second intercostal space. A suture (Prolene 6-0) was placed around the transverse aorta between the brachiocephalic and left carotid artery. The suture was ligated against a 27-gauge needle. The needle was later removed leaving a discrete stenosis. The chest was sutured and the pneumothorax evacuated. Sham-operated animals underwent the same procedure except for ligation. Cardiac function was examined by echocardiography, and the animals were killed 2 weeks post-implantation to extract the heart and for downstream applications. All the animal experiments were approved and performed as per the guidelines of local ethical committee (Ministerium für Energiewende, Landwirtschaft, Umwelt and Ländliche Räume Schleswig-Holstein).
Human DCH and HCM heart samples
Left ventricular myocardial tissue was taken from explanted hearts of XX patients (HCM, n ϭ 4; DCM, n ϭ 10; NF, n ϭ 7) with end-stage heart failure (New York Heart Association heart failure classification IV) undergoing heart transplantation. All procedures involving humans were performed in compliance with the ethical committee of the medical school of the Georg-August-University, Göttingen, Germany. The explanted hearts were acquired directly in the operating room during surgical procedures and immediately placed in pre-cooled cardioplegic solution (in mmol/liter: NaCl 110, KCl 16, MgCl 2 16, NaHCO 3 16, CaCl 2 1.2, glucose 11). Myocardial samples for Western blot analysis were frozen in liquid nitrogen and stored at Ϫ80°C immediately after excision.
Phenylephrine osmotic pump implantation
Osmotic mini-pumps filled with ␣-adrenergic agonist phenylephrine (25 g/kg body weight/min) prepared in phosphatebuffered saline (PBS) with 1 mg/ml L-ascorbate (Sigma) were implanted subcutaneously in 8-week-old C57BL/N mice. Control group received the vehicle L-ascorbate in PBS. Cardiac function was examined by echocardiography, and the animals were killed 2 weeks post-implantation to extract the heart and for downstream applications.
SRF reporter gene assay
SRF reporter gene assays shown in this study were performed in NRVCMs as described previously (8) . Briefly, cells were infected with several combinations of viruses expressing dysbindin (50 ifu), TRIM24 (100 ifu), TRIM32 (100 ifu), and LacZ (as control or a filler virus to maintain equal count of viruses) along with adenovirus Ad-SRF-RE-luciferase (20 ifu) carrying a firefly luciferase and Ad-Renilla-luciferase carrying (5 ifu) Renilla luciferase (for normalization of the measurements). For TRIM24 and TRIM32 knockdown experiments, NRVCMs were transfected with Ad-miRTRIM24 and Ad-miRTRIM32 where microRNA (Ad-miRneg) was used as control or filler in addition to adenovirus infection. Experiments were performed using a dual-luciferase reporter assay kit (Promega), according to the manufacturer's guidelines. Chemiluminescence was mea-sured photometrically on an Infinite M200 PRO system (Tecan, Life Science). All the experiments were performed in quadruplicate or hexaplicate and repeated three times.
Immunofluorescence microscopy
Cell size measurements, TUNEL, cleaved caspase-3, and PI staining were studied in NRVCMs by immunofluorescence microscopy. Cell preparation and staining were performed as described above. Monoclonal mouse anti-␣-actinin (1:200; Sigma) was used for cell size measurements, whereas polyclonal rabbit anti-cleaved caspase-3 (1:400, Cell Signaling Technology) antibody was used for activated caspase-3 staining. Respective secondary antibodies conjugated to either Alexa Fluor-488 or Alexa Fluor-546 (Thermo Fisher Scientific) were incubated for 1 h at a dilution of 1:200 in 2.5% BSA in PBS along with nuclear stain DAPI. FluorPreserve reagent (Merck Millipore) was used as mounting medium. Fluorescence micrographs were taken with Keyence fluorescence microscope BZ 9000, at ϫ10 objective (Plan Apochromat, NA: 0.45). Images were acquired using BZ-II viewer software (Keyence, version 2.1) using a built-in camera at room temperature. Images were processed and analyzed by BZ-II Analyzer (Keyence, version 2.1) as detailed below.
Cell surface area measurement using BZ-9000 microscope
Immunofluorescence pictures were taken using the BZ-9000 microscope. For each coverslip with fluorescence-stained cells, 10 pictures were taken at ϫ10 magnification (objective: CFI Plan Apochromat ϫ10; Nikon) with BZ-II Viewer (version 2.1). Images were further processed and analyzed using the BZ-II Analyzer (version 2.1). Cell size was measured using HybridCellCount software module (Keyence) with the fluorescence intensity single-extraction mode. First, fluorescence intensity thresholds were set for a reference picture. Thereafter, ␣-actinin whole-cell staining was set as the target area, and the DAPI-stained nuclei were then extracted from each target area to determine the number of nuclei per target area. Then Mac-roCellCount was performed, applying the settings from the reference picture to each picture from one set of experiments. Results were manually filtered for the following criteria: (a) 150-m 2 Ͻ target area in micrometers squared Ͻ2,500 m 2 (size filter); (b) extraction from target area ϭ 1 (one nucleus filter); and (c) area ratio 1 Ͻ30% (cell surface to nucleus ratio filter). Statistical analyses were performed using GraphPad Prism (version 5). Equal distribution of the data were tested by Shapiro-Wilk test. The samples were then compared by Student's t test. n Ն700 (each condition, depending on the cell density).
MTT assay for cell viability
NRVCMs cultured in 24-well plates were infected with respective adenoviruses and incubated for 72 h. MTT labeling reagent (cell proliferation kit, MTT I, Roche Applied Science) was added at 10% concentration of total DMEM to each well. Plates were incubated for 4 h in a humidified atmosphere (37°C, 5% CO 2 ). After this incubation phase, MTT solubilization solution (cell proliferation kit, MTT I, Roche Applied Science) was added to each well with a quantity of 10 times the initially added MTT labeling reagent and incubated overnight under the incubation conditions mentioned above. After complete solubilization of purple formazan crystals, spectrophotometric absorbance was measured using a microplate reader on an Infinite M200 PRO System (Tecan, Life Science). The percentage of viable cells was plotted relative to control. Samples were then compared by Student's t test. All the experiments were performed in hexaplicate or octaplicate and repeated three times.
TUNEL assay
NRVCMs were seeded in a 12-well plate on collagen-coated coverslips. Following the adenovirus infection and 72-h incubation phase, NRVCMs were fixed with 4% paraformaldehyde for 10 min, permeabilized/blocked with PBS containing 2.5% BSA and 0.1% Triton X-100 for 1 h at room temperature. An enzyme mixture was prepared by adding TUNEL mix into labeling solution at 1:10 ratio (In situ-Cell death detection kit, Roche Applied Science). Positive control was treated with DNase enzyme for 10 min, and the enzyme mixture for negative control lacking TUNEL mix. All coverslips were incubated at 37°C for 1 h along with controls in their respective enzyme mixtures. Nuclear staining was performed with DAPI for 15 min after incubation phase and three washings with PBS. Coverslips were mounted with FluorPreserve reagent (Merck Millipore). Acquisition of fluorescent micrographs was performed as described earlier for cell size imaging. Images were further processed and analyzed using the BZ-II Analyzer (version 2.1). Processing was executed using HybridCellCount software module (Keyence) with the fluorescence intensity single extraction mode. First, fluorescence intensity thresholds were set for a reference picture. Thereafter, DAPI nuclear staining was set as the target stain, and the TUNEL-stained nuclei were then extracted from each target nuclei to determine the number of TUNEL/DAPI-stained nuclei per coverslip. Then, MacroCell-Count was performed, applying the settings from the reference picture to overlying images from each set of experiments. Statistical analyses were performed using GraphPad Prism (version 5), and samples were compared by Student's t test, n Ն700 (each condition, depending on the cell density).
Nuclei count for cleaved caspase-3 and PI staining
Immunostaining for cleaved caspase-3 was carried out as described under "Immunofluorescence microscopy." For PI staining, NRVCMs cultured on collagen-coated coverslips were treated with 1 mM PI diluted in PBS (1:2,000) for 5 min after a 72-h incubation period. Cells were then fixed on coverslips with cold methanol at Ϫ20°C for 10 min and mounted using Fluor-Preserve reagent (Merck Millipore) along with DAPI. Fluorescence micrographs were taken at ϫ10 objective as explained above. Images were then analyzed with the BZ-II analyzer separately for DAPI and PI/caspase-3 by keeping off the extraction mode. The total number of nuclei were counted by HybridCell-Count and plotted by taking the percentage of PI-stained or cleaved caspase-3-positive nuclei over DAPI-stained nuclei for individual coverslips. All these experiments are repeated twice in triplicate. The samples were then compared by Student's t test.
TRIM24 and TRIM32 discordantly regulate dysbindin RNA isolation and qRT-PCR
Total RNA was isolated from NRVCMs, mouse heart (or other tissues), or human heart samples using lysis reagent (QIAzol; Qiagen) following the manufacturer's instructions. 1 g of DNA-free total RNA was transcribed into cDNA using the first strand cDNA synthesis kit (SuperScript III; Life Technologies, Inc.). For qRT-PCR, the EXPRESS SYBR Green ER reagent (Life Technologies, Inc.) was used in a real-time PCR system (CFX96; Bio-Rad). Cycling conditions used for all the qRT-PCRs are 3 min at 95°C followed by 40 cycles of 15 s at 95°C and 45 s at 60°C, a common step for annealing and extension at which step data were collected. Rpl32 or 18S ribosomal RNA genes were used as an internal standard for normalization (65) . All experiments with NRVCMs were performed in triplicate and repeated three times.
Protein preparation and immunoblotting
NRVCMs were lysed by two to three freeze-thaw cycles in lysis buffer A containing 50 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.2% SDS along with phosphatase inhibitor II, phosphatase inhibitor III, and protease inhibitor mixture (Roche Applied Science). Cell debris was removed by centrifugation, and protein concentration was determined photometrically by DC assay method (Bio-Rad). Protein from adult mouse and human hearts was harvested by homogenizing heart fragments along with Precellys ceramic beads (Peqlab) in lysis buffer A. Protein samples were resolved by 10% SDS-PAGE, transferred to a nitrocellulose membrane, and immunoblotted with the target-specific primary antibodies. The overnight application of primary antibodies was followed by incubation with a suitable HRP-coupled secondary antibody (1:10,000; Santa Cruz Biotechnology) or fluorescent antibody Alexa Fluor 546. Finally, visualization was achieved using a chemiluminescence kit (GE Healthcare) and was detected on an imaging system (FluorChem Q; Biozym). Quantitative densitometry was performed using ImageJ version 1.46 software (National Institutes of Health).
Statistical analyses
All results are shown as the means Ϯ S.E. unless stated otherwise. Statistical analyses of the data were performed using two-tailed Student's t test. When necessary, two-way analysis of variance (followed by Student-Newman-Keuls post hoc tests when appropriate) was applied. p values of less than 0.05 were considered statistically significant. 
